INTRODUCTION
Semiconductor processing temperatures are currently measured using either pyrometers or thermocouples, both of which have significant limitations. Temperature measurements based on the temperature dependance of the Lamb wave velocities in silicon and longitudinal waves through the ambient directly above the wafer are explored.
MEASUREMENT TECHNIQUES AND APPARATUS
A nitrogen laser (337 nm) with a pulse width of 800 ps and energy per pulse of 2.5 rnJ is weakly focused onto (100) silicon with an excitation area of 1 mm x 5 mm. The pulse is repeated at a rate of 10Hz. At a point 2-4 em away, in the (100) crystallographic direction, an expanded He-Ne laser beam is tightly focused onto a spot on the silicon surface and the reflected beam is projected onto a bicell detector, as shown in Fig. 1 . The current through the two detectors abutting each other is directed into a balanced-unbalanced transformer, and then through a low-noise amplifier into the oscilloscope, as shown in Fig. 2 . This probe beam deflection scheme is used to detect the surface gradient on the silicon, and thus the propagation of surface and plate mode waves [1] . A detector which looks into the nitrogen laser is used to trigger the oscilloscope.
THEORY AND EXPERIMENTAL RESULTS FOR THE LAMB WAVE
The characteristics of the propagation of the Lamb waves can be computed theoretically using computer programs by solving the Rayleigh-Lamb frequency equations for the antisymmetric and the symmetric modes: where: simultaneously [2] [3] [4] .
group velocity and the phase velocity can be obtained. The temperature dependence of the zeroth order symmetric and antisymmetric Lamb wave velocities at 0°C is shown in Fig. 3 . The horizontal axis is the product of the wave number of the shear wave in the (100) direction and the half thickness of the wafer. A parameter which gives a better indication of the accuracy to which the temperature can be measured is the absolute time delay per degree centigrade per millimeter separation. This data for a temperature of 0°C is shown in Fig. 4 . The shape of the curve, however, does not change significantly for different temperatures. We can see that at longer wavelengths, the zeroth order antisymmetric Lamb waves yield the greatest change in the time of propagation of the wave, and thus the greatest accuracy in the temperature measurement. We will thus deal exclusively with the zeroth order antisymmetric Lamb waves in obtaining the temperature value using acoustic methods.
In order to obtain theoretically the waveform generated, an initial Gaussian excitation is assumed:
.. and its corresponding inverse transform in terms of both x and t is:
In order to perform the inverse FFf in time rather than in space, the equation above needs to be expressed in terms of temporal frequency. By applying the dispersion relation obtained from the Rayleigh-Lamb and the Christoffel equations, we can express kx in terms of ro, yielding the temporal spectrum G(ro). By taking the inverse Fourier transform of the temporal spectrum with the appropriate phase values, the waveform at a particular distance away from the excitation point can be computed: Figure 5 shows the expected waveform seen 2.3 em away from the excitation point for an excitation width of 0.5 mm . Because the probe beam deflection scheme, however, is dependent on the changes in the gradient of the wafer surface rather than the displacement of the surface, a slightly different curve, obtained by first taking the derivative in space of the surface displacement, is obtained and shown in Fig. 6 . The acoustic pulse in air generated by the nitrogen laser is detected by the probe beam by measuring its deflection as a result of the index of refraction gradient produced by the propagating acoustic wave. Because the acoustic wave in the ambient will deflect the center of the mass of the probe beam only if the diameter of the probe beam is smaller than approximately the wavelength of the acoustic wave, the region of sensitivity along the probe beam is confined to the area close to the waist of the beam. The velocity of the acoustic wave through the ambient that is measured, therefore, is for the propagation of the wave directly above the silicon wafer if the probe beam is first expanded and tightly focused onto the silicon surface.
Since most gases are poor heat conductors, we can, to a good approximation, assume that the variations of pressure and volume occur adiabatically as the acoustic wave propagates. Given such an assumption, the velocity of an acoustic wave in gas is to the first order proportional to the square root of the temperature:
The relative temperature dependence of the acoustic velocity in air is given by:
At room temperature:
d: /dT = 1. 65 X 10-3 Fig. 8 . Acoustic pulse propagated through the ambient directly above the wafer.
Because of the high temperature dependence and the low acoustic wave velocity in gases, the temperature of the ambient can be obtained with high accuracy. A temperature resolution to I °C is possible.
The temperature of the layer of ambient directly above the silicon wafer is important in semiconductor manufacturing processes where the mass transport mechanism plays a significant role. It will also be useful in providing information about the bulk temperature of the silicon wafer.
CONCLUSIONS
Temperature measurement of silicon wafers in semiconductor processing conditions using acoustic techniques is being investigated. Theoretical models for the temperature dependence of zeroth order Lamb waves have been developed. Initial experimental data for zeroth order anti symmetric Lamb waves and acoustic waves through a layer of ambient above the silicon wafer have been obtained.
